First principles calculations are preformed to systematically investigate the electronic structures, elastic and thermodynamic properties of the monoclinic and orthorhombic phases of SiC 2 N 4 under pressure. The calculated structural parameters and elastic moduli are in good agreement with the available theoretical values at zero pressure. The elastic constants of the two phases under pressure are calculated by stress-strain method. It is found that both phases satisfy the mechanical stability criteria within 60 GPa. With the increase of pressure, the degree of the anisotropy decreases rapidly in the monoclinic phase, whereas it remains almost constant in the orthorhombic phase. Furthermore, using the hybrid density-functional theory, the monoclinic and orthorhombic phases are found to be wide band-gap semiconductors with band gaps of about 2.85 eV and 3.21 eV, respectively. The elastic moduli, ductile or brittle behaviors, compressional and shear wave velocities as well as Debye temperatures as a function of pressure in both phases are also investigated in detail.
Introduction
Superhard materials are widely used in the industry for making various tools and coatings, due to their superior mechanical properties. [1] [2] [3] [4] [5] Since the "hard" C 3 N 4 was predicted theoretically in the 1980s, extensive theoretical and experimental efforts have been devoted to finding new superhard materials. [6] [7] [8] [9] [10] [11] [12] [13] [14] In recent years, a new class of ternary silicon carbon nitride (Si-C-N) materials have attracted intense attention. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Those compounds were originally proposed theoretically for potential superhard materials, [18] [19] [20] [21] then two crystalline solids in the ternary Si-C-N systems, Si 2 CN 4 and SiC 2 N 4 , were synthesized successfully at ambient pressure and high temperature. [22] Unfortunately, Wang et al. [23] calculated the Vickers hardness of the two phases and found that they are not superhard materials. However, they predicted several stable phases of SiC 2 N 4 and Si 2 CN 4 compounds under pressure. Moreover, the Cmmm structured SiC 2 N 4 and C2/m and P2 1 /m structured Si 2 CN 4 were believed to be potential superhard materials with a calculated Vickers hardness value exceeding 50 GPa. Recently, Ding et al. [24] also designed the ternary nitrides (Si 2 CN 4 and SiC 2 N 4 ) by the substitution method and investigated the mechanical and thermodynamic properties of the ternary nitrides.
Up to now, five structures of SiC 2 N 4 have been reported, the ambient-pressure structure (space group Pn3m) found in experiment, [22] the two structures (space groups C2/m and Cmmm) proposed by Wang et al. [23] and other two structures (space groups Fd-3m and P4-2m) designed by Ding et al. [24] Although the enthalpy curves, hardness values, phonon curves, and electronic structures of C2/m and Cmmm SiC 2 N 4 have been reported, [23] for superhard materials, it is also necessary to examine the pressure influences on their elastic stiffness and thermodynamic properties. The primary purpose of this work is to investigate the pressure influences on the properties of the two phases from a thermodynamics point of view. The structural, electronic properties, elastic and mechanical properties of the two phases under pressure are investigated in detail.
Computational methods
The calculations in this work were performed using CASTEP code, [25] which is based on density functional theory (DFT). [26, 27] The exchange-correlation functional was described within the generalized gradient approximation (GGA) as parameterized by Perdew, Burke, and Ernzerhof (PBE). [28] The interactions between electrons and core ions were treated C P B O n l i n e I n -P r e s s C P B O n l i n e I n -P r e s s Chin. Phys. B Vol. 23, No. 12 (2014) 127101 with ultrasoft pseudopotentials. [29] The Si: 3s 2 3p 2 , C: 2s 2 2p 2 , and N: 2s 2 2p 3 orbitals were explicitly included as valence electrons. The k point separation in Brillouin zone of the reciprocal space was 0.03Å. The tolerances for the geometry optimization were as follows: the total energy difference convergent within 5×10 −6 eV/atom, the maximum Hellmann-Feynman force within 0.01 eV/Å, the maximum stress within 0.02 GPa, and the maximum atom displacement within 5×10 −3Å . For both phases, a primitive cell of SiC 2 N 4 with 7 atoms was used in all the first-principles calculations.
Results and discussion
As we have mentioned above, there are five phases of SiC 2 N 4 under pressure which have been reported. To investigate the possible phase transition sequence under pressure, we first calculate the relative enthalpies of Fd-3m, P4-2m, Pn3m, and Cmmm phases with respect to C2/m phase as a function of pressure, which are shown in Fig. 1 . Both Fd-3m and P4-2m phases designed by Ding et al. [24] using the substitution method have very high enthalpies over the whole pressure range investigated, indicating that they are metastable. The final pressure-induced phase transition sequence of SiC 2 N 4 is the cubic structure (Pn3m), the monoclinic structure (C2/m), and the orthorhombic structure (Cmmm). The transition from Pn3m to C2/m phase occurs at around 3.4 GPa, while the transition from C2/m to Cmmm phase takes place at around 25.0 GPa. These values are close to the previous theoretical values of 4 GPa and 29 GPa. [23] In Table 1 listed are the calculated equilibrium lattice parameters, bulk modulus B, shear modulus G, Young's modulus E, and Poisson's ratio υ of C2/m and Cmmm phases at zero pressure together with the previous results. [23] These calculated values agree reasonably with the previous theoretical results, [23] indicating the rationality of our selected pseudopotential and exchange-correlation function. Furthermore, the equilibrium lattice constant ratios a/a 0 , b/b 0 , and c/c 0 (where a 0 , b 0 , c 0 are the equilibrium lattice constants at zero pressure and temperature respectively) of the two phases as a function of pressure are plotted in Fig. 2 . It is found that the axial compression of both phases can be accurately described by fitting the calculated data, and we can obtain the following relationships at T = 0 K: (R 2 > 0.9999, where R is the correlation coefficient), for crystal structure of C2/m SiC 2 N 4 :
c/c 0 = 0.99949 − 1.63 × 10
while for crystal structure of Cmmm SiC 2 N 4 ,
We note that when the pressure increases, the compression along the a axis is much larger than along the c or b axis in the basal plane for both phases. For C2/m phase, the b axis has lower compressibility than the c axis. However, for Cmmm phase, the compression along the b axis is nearly the same as along the c axis in the basal plane. Table 1 . Calculated equilibrium lattice parameters a, b, and c (Å), bulk modulus B (GPa), shear modulus G (GPa), Young's modulus E (GPa), and Poisson's ratios υ for C2/m and Cmmm SiC 2 N 4 compared with previous theoretical results at zero pressure.
C2/m Cmmm This work
Other work [23] This work Other work [23] In fact, the superhard materials are often found to be wide band gap semiconductors. The band gap energy of Cmmm SiC 2 N 4 in previous work [23] was calculated to be 1.8 eV by means of the density functional theory (DFT). As is well known, DFT always underestimates band gap energy, thus in this paper, we recalculate the band structures and the total densities of states (DOSs) of the two phases using the more accurate hybrid density functional theory (HSE). [30] The band structures and DOSs of C2/m phase at 4 GPa and Cmmm phase at 25 GPa are shown in Figs Fermi energy level E f is chosen to be located at the position of 0 eV. For C2/m phase, the top of the valence-band maximum (VBM) and the bottom of conduction-band minimum (CBM) occur at different points, which indicates that it is an indirect semiconductor. The band gap of C2/m phase is calculated to be around 2.85 eV. It is also found that Cmmm SiC 2 N 4 is a wide band gap semiconductor with an energy gap of about 3.21 eV. Furthermore, both VBM and CBM occur at T point, therefore Cmmm phase is a direct band gap semiconductor. In previous work, [23] according to the analysis of partial density of states, the Si-N and C-N bonding are found to be mainly governed by the strong hybridization of Si-p and C-p with N-p states. Compared with the partial density of states, Mulliken population analysis [31] can provide a means of estimating partial atomic charge transformation qualitatively. To investigate the bonding behaviors of the two phases under pressure, Mulliken charge populations are presented in Table 2. The valence electron configurations are C: 2s 2 2p 2 , N: 2s 2 2p 3 , Si: 3s 2 3p 2 . For both phases, a charge transfer from C atoms and Si atoms to N atoms was observed. Specifically, Cs, Si-s, and Si-p orbitals lose charges and transfer them to N-p orbital. In addition, more charges transfer from Si atoms to N atoms for both phases with the increase of pressure, thus the interactions between N and Si atoms are enhanced by applied pressure. (a) 127101-3 C P B O n l i n e I n -P r e s s C P B O n l i n e I n -P r e s s The elastic properties of a solid are important. They are not only closely related to various fundamental solid-state phenomena, such as interatomic bonding, equations of state, and phonon spectra, but also connected thermodynamically with specific heat, thermal expansion, Debye temperature, and Grüneisen parameter. In order to study the mechanical stability of SiC 2 N 4 , we calculated the second-order elastic constants C i j using the "stress-strain method". The calculated elastic constants as a function of pressure are shown in Fig. 4 . For C2/m SiC 2 N 4 , there are thirteen independent elastic constants, while for Cmmm SiC 2 N 4 , there are only nine independent elastic constants. As is well known, the elastic constants C 11 , C 22 , C 33 character the resistances to linear compression in x, y, and z directions, respectively, while the elastic constants C 12 , C 13 , and C 23 and C 44 , C 55 , and C 66 are related to the elasticity in shape. For C2/mSiC 2 N 4 , C 35 and C 46 decrease gradually with the increase of pressure, while C 12 , C 13 , C 23 , C 25 , C 44 , C 55 , C 66 , and C 15 all increase linearly with pressure increasing. In addition, as pressure increases, the elastic constants C 11 and C 33 have a crossover point at around 11 GPa. For Cmmm SiC 2 N 4 , C 33 is highest in all the elastic constants and C 22 and C 11 follow it, implying that they are incompressible under unaxial stress along the coordinate axis. Besides, C 12 , C 13 , C 23 , C 44 , C 55 , and C 66 increase slowly with pressure increasing. 
C m Cmmm As for the mechanical stability of a structure, one condition is that its strain energy must be positive against any homogeneous elastic deformation. For monoclinic structure, the mechanical stability criterion can be expressed as [32] For orthorhombic structure, the mechanical stability criterion can be expressed as [32] 
The calculated results for the two structures all satisfy the above stability criteria over the whole pressure range investigated, implying that the two structures are mechanically stable within 60 GPa. Based on the calculated elastic constants, we deduce the bulk modulus B, shear modulus G, Young's modulus E, Poisson ratio υ, and B/G which are widely used to describe the mechanical behaviors of materials. As suggested by Voigt, [33] the polycrystalline bulk modulus B V and shear modulus G V can be expressed in the appropriate combinations of single-127101-4 C P B O n l i n e I n -P r e s s C P B O n l i n e I n -P r e s s 
Analogously, Reuss and Angew [34] have derived the bulk modulus B R and shear modulus G R expressions in terms of compliance constants S i j as follows:
15 G R = 4(S 11 + S 22 + S 33 ) − 4(S 12 + S 23 + S 13 )
Let S i j be the elastic compliance constants:
Hill [35] has shown that for any crystalline structure, the assumptions of Voigt and Reuss lead to an upper bound and a lower bound of B and G, respectively. In solid state physics, it is common to use the arithmetic average of Voigt and Reuss bounds for the evaluation of B and G, which is called the Voigt-Reuss-Hill (VRH) approximation.
The polycrystalline Young's modulus (E) and the Poisson's ratio (υ) are then calculated using the relationships [35] 
The bulk modulus reflects the resistance of a material to a volume change and its response to a hydrostatic pressure, whereas the shear modulus describes the resistance of a material to a shape change. The aggregate bulk, shear, and Young's moduli of both phases as a function of pressure are shown in Figs. 5(a) and 5(b), respectively. Both the bulk and shear moduli increase with the increase of pressure. The calculated bulk moduli of both phases under pressure are larger than 200 GPa, which are comparable to those of classic hard materials, such as β -B 2 O 3 (169.9 GPa) [36] and α-Al 2 O 3 (253.7 GPa). [37] It can also be seen that the three curves show similar trends under elevated pressure but they vary at different rates, particularly under higher pressure. The Cmmm phase has larger bulk, shear, and Young's modulus than C2/m phase in the whole pressure range studied, indicating that Cmmm SiC 2 N 4 is harder than C2/m SiC 2 N 4 . For the application of materials, the brittle or ductile behavior is of great importance. Pugh [38] proposed a formula, i.e., B/G, to judge a metal's ductility and brittleness in 1954. The critical value which distinguishes between ductile material and brittle material has been evaluated to be 1.75. If B/G > 1.75, material behaves in a ductile manner, if not, a material demonstrates brittleness. Here we calculate the values of B/G for SiC 2 N 4 to investigate the brittleness of the two phases under pressure as shown in Fig. 5(c) . It is found that the B/G values of two structures are less than 1.75, thus both phases behave in brittle manners within 60 GPa. With the increase of pressure, B/G values increase for both phases, revealing that the degree of brittleness decreases under applied pressure. In fact, the brittleness and ductility can also be estimated by the Frantsevich rule, [39] where the critical value of Poisson's ratio is suggested to be 1/3. For brittle materials, υ < 1/3, otherwise the material behaves in a ductile manner. For the two structures, the Poisson ratios are both less than 1/3 as shown in Fig. 5(c) , which also suggests that the two SiC 2 N 4 compounds exhibit brittle behaviors under pressure.
As is well known, microcracks are easily induced in the materials due to the significant elastic anisotropy. [40] Hence, it is important to calculate elastic anisotropy in order to improve their mechanical durability. Chuang and Buessem introduced [41] a concept of percent elastic anisotropy which is a measure of elastic anisotropy possessed by the crystal under consideration. The bulk modulus anisotropic factor A B and 127101-5 C P B O n l i n e I n -P r e s s C P B O n l i n e I n -P r e s s
shear anisotropy A G are defined as
respectively, where B and G are bulk modulus and shear modulus, and the subscripts V and R represent the Voigt and Reuss bounds. For the two expressions, zero represents complete elastic isotropy and a value of 1 (100%) refers to the largest possible anisotropy. The percentages of bulk and shear anisotropies of Cmmm SiC 2 N 4 and C2/m SiC 2 N 4 are shown in Fig. 6(a) . We observe that on the whole, Cmmm SiC 2 N 4 possesses very low bulk and shear anisotropies over the whole pressure range investigated. Furthermore, Cmmm SiC 2 N 4 exhibits comparatively small bulk anisotropy, while the value of its shear anisotropy is slightly large. In order to study the anisotropy of single crystal quantitatively, another universal elastic anisotropy index A u was developed by Ranganathan and Ostioja-Starzewski [42] for crystal with any symmetry as shown below
The farther from 0 the value of A u , the larger the anisotropy of material will be. For isotropy materials, A u = 0. The calculated A u values of Cmmm and C2/m SiC 2 N 4 as a function of pressure are shown in Fig. 6(b) . It is found that the universal elastic anisotropy index A u of C2/m SiC 2 N 4 is more sensitive to pressure, while that of Cmmm SiC 2 N 4 remains nearly unchanged with increasing the pressure. Those results agree with the above discussion about the percentage of bulk anisotropy and shear anisotropy.
To investigate the degrees of anisotropy of Cmmm SiC 2 N 4 in different planes in detail, we further calculate the anisotropy factors of Cmmm SiC 2 N 4 as a function of pressure, which are shown in Fig. 6(c) . The shear anisotropic factors reflect the degrees of anisotropy in the bonding between atoms in different planes. There are three shear anisotropic factors in the orthorhombic phase, [40] i.e., A 1 which is the shear anisotropic factor for the {1 0 0} shear plane between the {0 1 1} and {0 1 0} directions, A 2 which is the shear anisotropic factor in the {0 1 0} shear plane between {1 0 1} and {0 0 1} directions, and A 3 which is the shear anisotropic factor in the {0 0 1} shear plane between {1 1 0} and {0 1 0} directions. These factors are expressed as
For an isotropic crystal, all three factors must be one while any other value less or greater than one indicates the degree of anisotropy. When the applied pressure increases from 0 to 60 GPa, the anisotropy factors A 1 and A 3 decrease by approximately 14.2% and 10.8%, respectively, while A 2 increases by approximately 5.5%. However, for Cmmm SiC 2 N 4 , the {1 0 0} shear planes show more isotropic than the {0 1 0} shear planes as well as the {0 0 1} shear planes over the whole pressure range investigated.
Debye temperature is another one of fundamental parameters for solid materials, which is correlated with many physical properties, such as thermal expansion, melting point, and Grüneisen parameter. [40] At low temperatures, Debye temperature Θ D is proportional to the sound velocity and directly related to the elastic constant through bulk and shear moduli [43] Θ
where h is the Planck's constant, k B is the Boltzmann's constant, n is the number of atoms per formula unit, M is the molecular weight, N A is the Avogadro's number, ρ is the density, and ν m is the average sound velocity. In fact, ν m can be C P B O n l i n e I n -P r e s s C P B O n l i n e I n -P r e s s 
The calculated velocities and Debye temperatures as a function of pressure for both phases are shown in Fig. 7 
Conclusions
In this work, we employ the density functional perturbation theory to investigate the electronic structures, elastic and thermodynamic properties of the two new discovered phases of SiC 2 N 4 under pressure. The calculated structural and elastic parameters accord well with previous theoretical values at zero pressure. The C2/m phase is an indirect-gap semiconductor, while Cmmm phase is a direct-gap semiconductor. The band-gap energies of C2/m phase at 4 GPa and Cmmm phase at 25 GPa are calculated to be 2.85 eV and 3.21 eV, respectively. With the increase of pressure, a charge transfer from the C atoms and Si atoms to N atoms is observed for each of both phases. The two phases satisfy the mechanical stable criteria within 60 GPa. With increasing the pressure, the degree of the anisotropy decreases rapidly in monoclinic phase, whereas it remains almost unchanged in orthorhombic phase. For the orthorhombic phase, its {1 0 0} shear planes show more isotropic than the {0 1 0} shear planes as well as the {0 0 1}. Furthermore, both phases behave in brittle manners within 60 GPa. However, the degrees of brittleness for the two phases decrease under applied pressure. The shear modulus, bulk modulus, Young's modulus, Poisson's coefficient, and wave velocities as well as Debye temperature are also discussed in this paper, more experimental and theoretical studies are recommended.
